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SUMMAHI 

?rei:u.!L-viry data in the form of static and pitot pressure 

distributions and shcd.iw and Schlieren photographs have been obtained 

for ci.-s ; atsrcctior of a pro.?sure ratio 2.09 Shockwave with a turbulent 

bounisry layer o;j a flat v;all &t M = 2.97- Separation of the boundary 

layer appears to be incipient and a model!, of the interaction has been 

L-OiXiKr.K't v.-.  Ine rjodel is similar to chat of Esrdsley and Mair for tur~ 

bvO.i-j't lr-,.yfljr-Kif'^/'Si)  strength shocks and resembles as well that obtained 

oy I/ipnar.n tor  the iu^c-sction of weak shocks with a laminar layer at 

low I a.vb numbers  Longitudinal static pressure die Tribut ions show an 

upstisaiu i:\flu?.nr •? o'" scprorrimately three boundary layer thicknesses 

with an inflection in the curve characteristic of lataioar _ntfc-.uctio.is. 

The entire pressure rise occupies sir,  boundary layer thicknesses and 

agrees satisfactorily with the theoretically predicted rise. Velocity 

profiles in the region of the steepest pressure rise, i.e., slightly 

ahead of th? poiu- of  ^mpingement of the incident shock, show a behavior 

that may be associated J:.tb imminent separation. Downstream of this point, 

the boundary layer profiles ere similar to those sneasured in an adverse 

pressure gradient. Although the pressure after the interaction was con- 

stant, the boundary layer profile had not returned to the normal turbu- 

lent profile two boundary layer thicknesses downstream of the interaction 

region* 

Tests of two wedges of different widths showed a very large 

"relieving" effect for 'the wedge which did not completely span the tunnelo 

The erroneous results obtained with the narrow wedge may explain some of 

th? a-'.'-icrepaneies in the existing data. 
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A EBSLBilEARx  INVESTIGATION OF A SHOCK WAVE-TURBULENT 

BOUKDABY LAYER IIJTEBACTIOS 

IBffiOSUCTIQH: 

The phenomenon of the interaction of a shock wave with the 

boundary layer op a flat plate lias received considerable attention in 

the löst few years. An understanding of this fundamental simplified 

interaction is en essential preliminary step to the study of the more 

complicated interaction, .is, for example, the shock wave-boundary layer 

interactions at wing trailing edges, around deflected control surfaces, 

at wing-body junctures,, and in supersonic oiffusors and compreir07t , 

The effects of the interaction may extend some distance along iae. -ali 

and may influence the external flow to a large extent, in contre-li'' Ion 

to the theoretical non-^iscouo case of a shock wave impinging on a solid 

vail: 

1 2 
The vor'i cf Loipmenn and others on laminar layers has provided 

information on the extent of the pressure field o-- the so.1id wall and a 

general model of the interaction hao been coasts u/ted. The incident shock 

wave is reflected as an expansion wave with a slow '-ompression region ap- 

pearing ahead of the point of impingement due to separation or thickening 

of the boundary Taye"r. Behind the point of impingement there io another 

region of slow compression where the flow re-attaches to the surface. The 

upstream compression, reflected expansion, and downstream compression 

cceJ.eB^e far from the wall to give a single shock wave close to that pre- 

r.i\rtor", for Lhö. nor-viscous shock reflection. The effects cf shock wave 

strength arid Bevnol&s number have been studied at.Mach numbers of two and 

lower. Theoretical work'' has n&en able to predict roughly the upstream 

i&SBBegBsaBBsssms TS"..«na«a. W(B3^S» sasaü59us*t^a.-ÄK -t^a*-.*j;s^SS^,iEaLÄJteShSS2S^E ES ?s; VCT.-C.» -'.j^ra.^sEuatskj» 



influence; of the  interaction, but the problem of predicting the separation 

pcint and the .veattao foment of the .lar-ina'' boundary layer has not yet been 

solved* 

The i:'-cer^t->o of a shock wave with a :.- .il-ule-.it boundary layer 

has also been studied. Several of the investigators ' who studied laminar 

layers, "tripped" the boi.mde.ry layer near the leading edge of the plate and 

obtained some preliminary results. Earosley and Mair at a Mach number of 

t'-'c, r:^.1? :.'.-; *=-:'•:c.1 lent 3'jt of Schlieren photographs of the interaction of 

'•-ai.-yi.rg .strsngth ob."'"*quc sho~k waves with a turbulent boundary layer on 

the tunnel •<•& \1,    '.'cas •incident wavec are reflected as a compression (an 

oblique shock :-;•:• «5 feiloved by a narrow expansion legion which is fol- 

lowed by a slow compression region. No separation is noticed» Fcr higher 

shock strength, the flow separated at the wall and the first reflected 

compression moved upstream of the point of impingement of the incident 

shock» The ref .lection was still a compression,, expansion, and slow com- 

pression which agrees with the general interaction picture found for the 

laminar layer rc'ae  e-^ale of the interaction region, i.e. the influence 

of a given strength shock is, of course, quite different. The most com- 

plete results available are those of Fage and Sargent-5. Their results 

were obtained at. .Macb numbers from 1.2 to 1,6 and are primarily on shocks 

wbioh reflect as Mach snooks (normal shocks) near the wall. 

In an effort to get a better understanding of the shock wave- 

turbulent boundary layer interaction, and to provide the detailed data 

needed to build a correct theoretical model, a series of tests have been • 

undertaken at the Supersonios Laboratory of the Aeronautical Engineering 

Deparficrt of P^iveton University» The program will cover a range of 



Mach rauabers from about 2.5 to ^-„0 for turbulent boundary layers inter- 

acting with shoc-k t.-twes of var^n.ng strength» The data presented herein 

are the first preliminary /esults obtained at a Mach number of 3 with a 

shook T3Yi« of about E> rre-jaure >•?•!.io of ?., 

Cone-ardent vith the v-.pnv-;-;." exjorimentai studies, Professors 

Lees and CA-OCCG have been carryi-g on an extensive theoretical study of 

the sho^'t vave-'"'urbuleut hc>\ndary layer trite •"sccion. Their results and 

c-o.'roar is on vith the experimental work v?ill be presented ir» a later paper. 

The test~ vere oerforasö in tee Princeton Viiot Supersonic 

Tunnel rbj."!'. LT- ces.^ notified it» several doxeils eir ^ '    < >.str ' "jc.. 

Teat section size has been iiy-ressed to 2" uiue by 2-1/2"  hi^h, Addi- 

tional öir- storage cart'-fity, "70 ^u> ft, as cempsved <"o 50 <-u. ft.  now 

permits longer running times than before. 

The boundary lajer on the tunnel wall, was utilized for the meas- 

urements  Tt.*o 10° stock producing sedges were employed which differed in 

vicJt!? :>n". length, ::bo aarroner one being 1-J A" wide and 2-1/8" long and 

the other nearly 2' vide and 2-7/l6" long. The wider wedge spanned the 

tunnel to vithtn „010" 0? either side wall. Both wedges had a ,030" static 

pressure orifJ<-e drlUod on centerline l/2" from the leading edge, and the 

wider one a simi^a^ orifice drilled 5" from the leading edge. The pres- 

sure ratio cf tjje shock .vas determined by usizig these static pressures 

rather thar» cue geometrical wedge ar-ßle, ih.ua  taking into 5 'cunt any ef- 

fect o.' the boundary layer on the wedge-. 

For measuring the static pressure on the interacting surface, 

a ,0?0" n^ific<3 drilled in the nozzle block was selected and the shock 

.^jm.M*?K i^tOUf^:-, —. n 



generator set up in euch a way as to allow the shock to pass over the 

orifice as the wedge was moved axiaJJLy in the tunnel. Static pressures 

spanwise at this station were also recorded in oz*der to check the two- 

di isnsionslicy of r.hs ?}\oc\-  interaction* IThete were located 3/8">  l/2'S 

5/ft" and 3 A'1 off er.is A aiiavometer drive was devised for movement of 

the wedge which. all<-w--<-". netting to within ^ thousandth of an inch. Read- 

ings were taken in the int32action region every tenth of sn inch relative 

to the shack position. An arbitrary zero was selected as a reference, 

positions ahead being labeled "minus", and positions behind '"plus"-. 

Boundary layer total pressure surveys normal to the wall were 

made at several stations in the interaction region, those furthest ahead 

being out of the region of influence of the shock end. thos>„> -.'urthest be- 

hind being in e uniform region after the interaction. A carefully made 

total-head tube V.SB  srolcyed which permitted readings to mithin .004" of 

the surface. The tube was constructed of .065" O.D. steel tubing flat- 

tened at the end for etoat 3./k"  and honed on the bottom surface to allow 

close approach to the wall. The orifice becomes a slit about .004" high 

by .060" wide; a sketch is given below. 

/ 
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Lateral checks were made with total head surveys 1/V' and l/2" 

off the tunnel asis using probes of identical geometry as that for the 

centerlir.e aass. 

Fig. 1 shows ~.li the components of the experimental setup» 

SYMBOLS ; 

z distance along tuniiel wall, inches.. 

y distance normal to tunnel vail, inches. 

Pc, origin!? 1 s'uegnation. pressure of flow. 

P- pitot y,rsss.ure, stagnation pressure behind normal shock, 

P-j_ static pressure as measured along tunnel wall. 

P2 static pressure behind oblique shock. 

j^ deflection of flow in degrees caused by 3hock wave of strength 

characterized by &  . 

O boundary layer thickness, inches. 

0 ~" boundary layer displacement thickness. 

© boundary layer momentum thickness. 

H boundary layer form parameter  °/0 

RESULTSAIP DIS&LTgsipg: 

The investigation was begun using the "narrow" shock generator, 

the first determination being that of static pressure variation along the 

wall, on centerline, in the region of the interaction. It was immediately 

noticed that the static pressure rise after the shock, which for the reflec- 

tion of en approximate 10° wave should have a value of about 3«8j was far 

short of that amount, A shadowgraph, Fig. 2. and a Schlieren photograph, 

Fig. 3, are presented together with a sketch of the interaction, Fig. k-, 

aliilst^jSeä^»jA^5gfcM  'tv^-t-S"?^ 



as traced fron the Schlieren picture« Corresponding to the sketch is a 

curve showing the static pressure variation throughout the interaction*. 

All the pre33iu ?.• rise for this case is accomplished in abouc 2-1/2 

boundary thicknesses. v.^w the curve i^ smoo+h» The pressure TD.tio 

across the shock, abo\t tiro as measured by means of the orifice on the 

wedge- calls for the overall pressure rise at the wall to about 3«8 

whereas the measured rise is only 2.5« ifo uniform region appears ahead 

of the erpansior f-an frc.-i the wedge corner. The photographs show a re- 

flection that appears approximately regular, no boundary layer separa- 

tion occurring. 

Evidently there must exist a considerable "relieving effect" 

due to the three-dimensional character of the flow around the edges of 

the shock generator. When, later, additional orifices were drilled 

laterally in the nozzle block, the non-uniformity of the interaction be- 

came quite apparent» Fig« 5 gives the cross-wise pressure distributions 

for several shock'positions and illustrates how the low external pressure 

affects the interaction region. 

Further tssts with the narrow wedge were discontinued, but it 

is planned to examine the problem 3.ater using a series of wedges of vary- 

ing vidlaa T,G determine if possible the range of t.'rts three-dimensional 

behavior, It is suggested that the three-dimensional effects that are 

introduced by using a shock generator of insufficient -;idth may be re- 

sponsible for Leipicama's results for the turbulent case* For a shock wave 

of 3° at H = l.k  leipmann obtained the theoretical pressure rise, but for 

an increased strength shock of 4-1/2°., the pressure is considerably lover 

than theoretical. Similar results are shown by Fage and Sargent with 



some curves shearing only half the theoretical rise. An accurate picture, 

therefore, of the interaction problem for a flat plate must he based upon 

test results that are truly two-dimensional, and future experiments should 

be performed in the light of this fact. 

In an attempt to eliminate three-dimensional effects, a new 

series of test "were run -using the full-span shock generator. A shadow- 

graph, Fig. 6, a Schlieren photograph, Fig. 7, and the static pressure 

variation through the interaction in juxtaposition with a sketch of the 

interaction, Fig. 8, shcy immediately the differences between this and 

the ,:narrow" case. The first reflected compression has moved forward so 

as to intersect the incident shock approximately at the edge of the boundary 

layer» A thin line, resembling that seen for a separated region, appears 

embedded in the boundary layer adjacent to the wall between stations ~„5 

an<? -.1. The static pressure variation through the interaction has an 

inflection and is spread out to about six boundary layer thicknesses, with 
* 

the influence being felt only a few thicknesses ahead of the point of im- 

pingement. The pressure rise begins at about station -.6, which from the 

picture is the point where the first z'eflected compression originates. A 

uniform region after the interaction, beginning about station /.5, appears 

between the second set, of compression vaves and the expansion fan from the 

wedge corner. 

The model for the interaction is approximately as follows: 

The first reflected compression, originates at a point a couple of boundary 

layer thicknesses ahead uf the point of impingement of the incident shock. 

Immediately after its intersection with this reflected wave the incident 

shock curves 3harply downward toward the wall, terminating at a point which 

^äs^^.^=^^S«s^Ta^^BiLa^.iSsiji.^..i-si ».»^^fegggaäiS^: -~~*-~%«w-T«a»i».^^^^»mre^«.. <W^SS«IKKW>»-«»M.««««*»!« 
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is the apex of a small separated (probably) region. This separation 

appears to begin at the point of origin of the first reflected compres- 

sion, and re-attachment occurs in about three boundary layer thicknesses« 

An expansion fan caused by the curvature of the incident shock near the 

wall follow? the first reflected compression. Finally there is a well 

spread out region of slower compression waves which coalesce into a 

second reflected shock. This model agrees closely with that given by 

k 
Bardsley and 1'air for interactions of medium strength shocks with tur- 

bulent boundary layers. 

The static pressure rise agrees with that given theoretically 

within the limits of experimental accuracy. The shock pressure ratio as 

given oj the forward wedge orifice is 2.09, while the ratio given by the 

rearward orifice is 2.07» Thsse limits define the range of accuracy of 

the measurements. The Mach number ahead of the shock has been taken for 

these calculations to be 2.97> but tunnel characteristics indicate a Mach 

number variation of £.03 along the test section which should be taken into 

account. A. Jerri has pointed out that there are reflected waves caused 

oj  interactions of the several parts of the original reflected wave sys- 

tem. These reflected waves would be sent out until the original reflected 

wave system coalesced into a single shock. Since this did not occur in 

the dimensions of the experiment it would be expected that a sma3.1 further 

pressure increase would occur if the tunnel were larger. Since this in- 

crease in pressure is quite small, however, its effects should not influ- 

ence the results obtained. Two-dimensionality of the interaction is sub- 

stantiated by the readings of the lateral orifices, Fig. 9,  for several 

relative shock -positions. 
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A longitudinal plot of the total pressure variation, through. the 

interaction at a point ,0(Ä" froöi the wall is presented in 1-ig. 10. The 

rise nr-c.'.pies approximately the seme Interval es does the static pressure 

ripe a;.. the vail. B&ta et station -.7 is probably influenced by some non- 

uniform? ty of the. fla\* in the tunnel,, which may eccount for certain other- 

wise ime"!cplaineö deviations in some of the parameters calculated for that 

station. 

Velcoit;- profiles computed on the basis of constant stagnation 

temperstrj'o in t?"e boundary layer are given for several stations in the 

interaction region. The assumption of constant static pressure through 

the layer is made, using the value at the vail as given in iig. 8. This 

pressure, p.(. together with the measured total pressure. ?.,, gives from 

the Bayleigh Pitot Equation the Mach number distribution in the boundary 

layer. Evident 1; this method is accurate only near the vail since away 

from tre vail the complicated shock system, invalidates the assumption of 

sonstent static pressure. Difficulty arises in choosing a reference 

velocity, Up et the boundary layer edge. One may sianine tie total pres- 

sure profiles thrown the boundary layer and thereby determine approximately 

the point -vrhers tfcey tend to level off., calling that point the edge of the 

boundary layer. The pressure, P.,, at that point referred to the original 
•j 

stagnation pressure., P (assumed constant through the interaction) gives 

the Mac A number, il-,,  at the boundary layer edge. Alternatively, M-^ may 

be calculated from the isentropic relation using the local wall 3tatic 

pressure,  p , and ths original stagnation, P >    The latter has been adopted 

in tbif. report, as fcoing the more convenient and eliminating the guesswork 

involved in detsratuisg the edge o;.T the boundary layer frcj) complicated 

total -.:,-*gfuvre sur~:'.:.'  The former method it  il.lu3trat.ed in this report 

s:ia»SBsSiHe<r^:•~»•;j=^'?¥j&HE^i"^ 
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in two profiles, Figs, 12 and 1^ to serve as a basis of comparison with 

the method which has been adopted. 

Profiles for the region, after the shock have also been computed 

on the basis of total head losses as calculated for the case of regular 

reflection from a wall with no boundary layer. A total head loss of six 

percent exisos in this hypothetical case, but in the real case it is 

somewhat less dve  to the region of slow compression which replaces the 

single reflected shock of "regular" reflection. A single case, the pro- 

file at station /l.O, its presented for comparison with the profile as 

calculated by the method adopted for this report. 

Examination of the profiles presented indicate« i'rr^a Figs. 11 

and 12, stations -1.0 and -.7, that the boundary layer is essentially 

turbulent in character in the region of the interaction. The Beynolds 

number based on momentum thickness for the station just ahead of the inter- 

action region is 7500« A profile calculated from the l/7th power is pre- 

sented in Fig. 11 for comparison with the experimental profile. 

Beginning at station -.6 and continuing through -.1, Figs. 13 

through l6, the profiles have somewhat the appearance of profiles in a 

separated region. However, instead of going to zero or negative veloci- 

ties at the wall — in the manner of a separated profile — the profiles 

show a considerable region of high Mach number subsonic flow. These pro- 

files may be the transition in supersonic flow from the usual turbulent 

profile to the detached profile, i.e. separation will occur for a wave of 

slightly higher strength. Further tests employing varying shock strengths 

will indicate whether this premise is correct. 

Eeferring to the Schlieren photograph and the pictorial, Figs. 

7 and 8; it- is seen that the thin line resembling separation of the boun- 

dary 3-ayer appear? almost precisely for the stations giving the disturbed 

- •*-»5».>V;iliä»rn L^-i.£K^s^Ww>^^.a^;^är4ai^^A ?£2 ̂ j^^^^^^^^^^£^£^^^^^^'2^S^^^&^^'^^ 
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profiles described above, Further, the static pressure distribution 

shows an inflection in the neighborhood of station -.1 where the last 

of these disturbed profiles is observed. 

For stations /.I through /.5, Figs. 17 through 19, the pro- 

files are typical of turbulent profiles in an adverse pressure gradient. 

These correspond to the region of slow compression which appears in the 

Schlieren photograph, I-ig. 7, and in the static pressure distribution 

beyond the point of inflection of the curve. Stations /.7, /l-0, and 

/l.3 have increasingly fuller profiles,  and indicate completion of the 

interaction end a trend towards the characteristic tmdis'" •.:" :d turbulent 

boundary layer. Although the region of constant static pressure after 

the interaction is approximately 3 boundary thicknesses in length, the 

full turbulent profile is not yet re-established. 

Curves of O , o      > 0  and H versus position are snown in 

Fige. 23 and 24<.    The values shown have been calculated by (1) assuming 

no shock wave losses and (2) assuming shock losses calculated for theo- 

retical regular reflection without boundary layer. The difference be- 

tween values calculated by both methods is not large and the general 

trends shown should be correct. Data close to the point o? impingement 

of the shock (Station -3) shows erratic behavior. This is to be expected 

in light of Wie odd profile obtained when the shock wave comes close to 

the wall. It is interesting to note that the values for E before and after 

7 
the interaction are in general agreement with Wilson's formula for H as 

a function of Mach Humber. 

A comparison was made of the results described herein with those 

1,2 
obtained by other investigators. The data on turbulent boundary layers 

~^r£hsast: ., jra.-jnrtEOfr. »a*LJ)>3% ^S^PSSSSS;^? .T.^^T;.
1
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shows a very steep but smooth rise in pressure for all cases tested. 

However, tue results are all for weaker strength shocks and lower Mach 

numbers than used in these tests« The present work shows a definite in- 

flection point in the pressure rise curve, Fig. 8 similar to that exper- 

ienced for laminar layers. lb seems  likely, therefore, that the differ- 

ence between the laminar and turbulent interactions may be merely a dif- 

ference in the shock pressure ratio required for separation. The data 

obtained is very similar to that for a laminar layer interacting with a 

very weak wave. Extension of the present work to varying shock strengths 

is needed to substantiate this premise. 

CONCLUSIONS ? 

The detailed static and pitot surveys through th^ .-„i^oek wave- 

turbulent boundary layer interaction have resulted in the following con- 

clusions ; 

1) For the type of experiment performed, i_c is necessary for 

the shock generator to completely span the tunnel. The 

narrow wedge gave erroneous results which may explain 

some of the discrepancies in the existing data. 

2) For the one interaction investigated, a shock wave of 

pressure ratio 2.09 interacting with a turbulent boundary 

layer at M - 2.97# separation appears imminent. The model 

of the interaction agrees well with that of Bardsley and 

Mair for medium shock strength-turbulent layer inter- 

1 
action. It resembles, as well, that obtained 'by Leipmann 

for the interaction of a weak shock with a laminar layer at 

low Mach numbers. 
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3) Static pressure distributions on the wall show an, upstream 

influence of approximately three boundary layer -thicknesses 

with the entire interaction taking about six boundary layer 

thicknesses. 

-!•) The pressure rise curve shows an inflection ]?>">int which 

coincides with what secinc to be a small separated region 

noticeable in the Schlieren photographs, Ahead of this re- 

gion, the pitot surveys show profiles somewhat similar to 

those obtained in a separated flow. Behind this region, 

the profile changes to one associated with flow in an ad- 

verse pressure gradient» 

5) Two boundary layer thicknesses downstream of the completed 

interaction, the boundary layer has not yet returned to the 

normal turbulent profile. 

6) This preliminary investigation provides a detailed picture 

of the interaction not heretofore available. Continued re~ 

search for varying strength shock waves at several Mach num- 

bers is to be carried out in an attempt to detail the inter- 

action over a wide range. Such data is needed to completely 

understand the mechanism of interaction and to provide the 

basis for a fundamental theoretical study. 
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